Abstract: By introducing smart materials in micro systems technologies, novel smart microactuators and sensors are currently being developed, e.g., for mobile, wearable, and implantable MEMS (Micro-electro-mechanical-system) devices. Magnetic shape memory alloys (MSMAs) are a promising material system as they show multiple coupling effects as well as large, abrupt changes in their physical properties, e.g., of strain and magnetization, due to a first order phase transformation. For the development of MSMA microactuators, considerable efforts are undertaken to fabricate MSMA foils and films showing similar and just as strong effects compared to their bulk counterparts. Novel MEMS-compatible technologies are being developed to enable their micromachining and integration. This review gives an overview of material properties, engineering issues and fabrication technologies. Selected demonstrators are presented illustrating the wide application potential.
Introduction
Magnetic shape memory alloys (MSMAs) belong to the class of Heusler materials, which are ordered intermetallics with the generic formula X2YZ with X and Y being 3D elements and Z a group IIIA-VA element [1] . The three elements occupy the crystallographically non-equivalent positions of an L21 structure. An important example is Ni2MnGa, which shows magnetism mainly due to the Mn atoms. MSMAs exhibit pronounced magnetic ordering and large magnetocrystalline anisotropy resulting in energetically preferred orientation of magnetic moments. In addition, MSMAs undergo a first-order martensitic phase transformation, which involves a large, abrupt change in both structural and magnetic properties. The phase transformation proceeds in a reversible manner, enabling the thermal shape memory effect as well as superelasticity.
The presence of coupled ferromagnetic and metastable ferroelastic (martensitic) domains in MSMA materials gives rise to multiferroic properties. As illustrated in Figure 1 , generally any change of one of the physical properties induced by an external stimulus causes characteristic changes of the other physical properties. Owing to their multiferroic coupling properties, FSMAs (Ferromagnetic shape memory alloys) exhibit various modes of combined sensing and actuation capabilities [2] . As a consequence, MSMA actuators may only consist of a single piece of material, but still may perform several functions. Therefore, the underlying philosophy of actuation by smart materials may be summarized by saying that "the material is the machine!" [3] . MSMA materials offer different options to induce a change in the mechanical properties that could be used for actuation. One example is the effect of magnetic field-induced reorientation (MIR) of martensite, which is the underlying coupling mechanism of the magnetic shape memory (MSM) effect that was discovered in 1996 [4] . Also, the inverse mechano-magnetic effect of strain-induced change of magnetization has been reported allowing for intrinsic strain sensing [5] . Besides magneto-mechanical coupling, MSMAs also exhibit large mechano-caloric [6] , magneto-caloric [7] , and magneto-resistance effects [8] . Figure 1 . Scheme of the coupling between thermal, mechanical, and magnetic properties in multiferroic materials. Legend: T, temperature; S, entropy; σ, stress; ε, strain; H, magnetic field; M, magnetization.
Using the multifunctional properties of MSMAs is particularly interesting for applications in small dimensions. Recent efforts in miniaturization of MSM actuators follow a top-down approach by thinning bulk single crystals to foil specimens [2, 9, 10 ]. An alternative is MSMA films that are fabricated in a bottom-up manner by film deposition [11] [12] [13] [14] . From a technological point-of-view, this approach is the most suitable for the development of integrated MEMS devices. The technology issues of combining MSMA materials and MEMS will be discussed in Section 2. In Section 3, we present recent developments of MSMA actuators based on film and foil specimens. This review focuses mainly on the non-stoichiometric Heusler alloy Ni-Mn-Ga. However, many of the presented concepts could be easily adapted to other MSMA materials.
Combining MSMA Materials and MEMS Technologies
MSMA materials that are suitable for applications should undergo the martensitic phase transformation above ambient temperature. Phase transformation temperatures and martensitic phases observed in non-stoichiometric Ni2−xMnxGay single crystals are strongly dependent on the chemical composition. As shown in Figure 2 , the martensitic phase transformation temperature Ms strongly increases for increasing Ni-content, while the Curie temperature TC shows a slight decrease. This behavior is in line with the Hume-Rothery rule that relates the increase of phase transformation temperature to an increase of the valence electron concentration [15] . At the intersection of TC and Ms, the crystal structure of the martensite changes from modulated to non-modulated phase. The nearly tetragonal 10M and orthorhombic 14M modulated martensite phases are stable for chemical compositions having low valence electron concentration e/a below 7.7 [16] . For high valence electron concentration e/a > 7.7, the tetragonal non-modulated (NM) phase is observed. In order to enable the MSM effect, the critical stress to induce reorientation of martensite should be below 2 MPa [17] . In Ni-Mn-Ga, only the modulated martensite phases show such low twinning stress. Therefore, starting materials for the development of MSMA microactuators, using the MSM effect, are single crystalline Ni-Mn-Ga foils and epitaxial Ni-Mn-Ga films with modulated martensite phase at room temperature. For thermal and magnetostatic actuation, also polycrystalline Ni-Mn-Ga foils and films with modulated or non-modulated martensite phase are suitable. 
MSMA Foils
Single crystalline MSMA foils are prepared by cutting thin plates from a bulk single crystal, e.g., by wire sawing. Subsequent thinning to the desired thickness is performed by a series of mechanical and chemo-mechanical polishing steps [9] or grinding and electrochemical polishing [10] . Minimum foil thicknesses have been prepared down to about 50 µm. Technological challenges are related to the minimization of surface defects created during foil fabrication. The material properties that are obtained fulfill the requirements for MIR with high magneto-strain and thus open up the opportunity to develop miniature MSM actuators. However, this approach is hardly suitable for large scale production as it is quite labor-intensive and involves a large material consumption.
MSMA Films
Sputtering is the most favorable deposition method to obtain thick films on a large scale as required for MEMS technology [2, 14] . The resulting film structure depends on various parameters including substrate, deposition temperature, sputtering power, and annealing conditions. Consequently, as-prepared films can exhibit polycrystalline structure [18] [19] [20] [21] [22] [23] [24] or an epitaxial relation to the substrate [11] [12] [13] [14] [25] [26] [27] [28] .
A process has been developed for fabrication of freestanding polycrystalline Ni-Mn-Ga films showing 10 M martensite at room temperature [18, 21] . Film deposition has been performed on polyvinylalcohol (PVA) substrates that can be dissolved after sputtering. The sputtering power is varied between 50 and 200 W, the Argon gas flow is maintained at 230 mm , and the substrate temperature is kept at 50 °C. Under these conditions, as-deposited films are amorphous and require a heat treatment to adjust the crystal structure and phase transformation properties. The effect of heat treatment on the performance of polycrystalline Ni-Mn-Ga films is described in [18] .
As epitaxial films are the counterpart to bulk single crystals, they are most interesting for the realization of MSM actuation on a small scale. Details on the preparation of epitaxial Ni-Mn-Ga films by magnetron sputtering can be found in [14] . A MnO substrate with [100] orientation is used with an intermediate Cr-layer in order to minimize the lattice mismatch. After deposition, the Cr layer can be chemically removed to obtain freestanding epitaxial films. These films show a high pseudo-plastic strain of more than 12% [29] . However, despite many efforts, MSMA films that have been produced by magnetron sputtering up to now exhibit too large twining stresses inhibiting the MSM effect. Major challenges are related to the control of phase formation and microstructure during film deposition [14] . Different thermo-magneto-mechanical training methods have been investigated to improve the microstructure of as-deposited films [14] and thinned foils [9] in order to reduce the twinning stress and improve TB (Twin boundary) mobility. Instead of using the MSM effect for actuation, a number of alternative actuation concepts have been investigated as will be discussed in Section 3.
Integrated MSMA Film and Foil Microstructures
One of the main advantages of MEMS technology is parallel processing and structuring of many microparts on the wafer scale. However, parallel fabrication of (M)SMA materials in batches is hampered by material and process incompatibilities. For example, the thermo-mechanical treatment required to adjust microstructure and phase transformation properties encounters incompatibilities with most other materials used in microsystems. In addition, chemical micromachining requires strong etchants in a highly selective process. Therefore, initial attempts to fabricate and integrate (M)SMA materials in MEMS were based on pick-and-place procedures and assembly of individual components. In the meantime, these technology barriers have been overcome by the development of wafer-level bonding and release technologies for (M)SMA films that allow for parallel processing of critical steps on different substrates [30, 31] .
A typical process based on optical lithography and wet-chemical etching is summarized in Table 1 following previous work on batch fabrication of SMA materials. In the first step, the freestanding MSMA film/foil is bonded on a substrate prior to micromachining. This can be performed by a sacrificial bonding layer [30, 32] . To obtain freely movable structures for actuation, the bonding layer should be chemically dissolvable. Subsequent steps include the fabrication of a hard mask, lithography, and etching of the MSMA film/foil. Thus, by combining film/foil integration, micromachining and sacrificial layer technology, fully integrated MSMA microactuators can be fabricated in a MEMS compatible manner at low cost. Figure 3 shows, for instance, an array of batch-fabricated SMA film microstructures on a silicon wafer. Table 1 . MEMS-compatible process flow for fabrication of (magnetic) shape memory alloys ((M)SMA) microactuators.
The freestanding MSMA film/foil is bonded onto a silicon substrate (bonding layer). Alternatively, the MSMA film is deposited by magnetron sputtering on a buffer layer.
A gold layer is sputtered onto the MSMA layer for use as a hard mask.
Optical lithography: A positive resist is spin coated onto the Au layer, exposed by UV light, and developed.
The Au hard mask is patterned by wet chemical etching via the resist mask.
The MSMA layer is micromachined by wet-chemical etching (e.g., hydrofluoric acid, nitric acid, and deionized water [33] ). The hard mask is removed afterwards.
Free-standing MSMA microactuators are released from the substrate by selective removal of the sacrificial layer. The microactuators may be selectively transferred to another substrate by bonding and release technology [30, 31] . Table 2 summarizes different actuation mechanisms and the underlying coupling effects. In the following, these actuation mechanisms will be described in more detail, and recent efforts in development of first demonstrators will be presented. Table 2 . Mechanisms for magnetic shape memory actuation and underlying coupling effects.
Actuation Principles and Demonstrators

Coupling effect
Actuation mechanism Reference Magnetic field-induced reorientation (MIR) of martensite Magnetic shape memory (MSM) actuation [4] Temperature gradient-induced martensitic transformation Single phase boundary actuation [34] Thermally induced ferromagnetic transition and martensitic transformation Bidirectional magnetostatic and thermoelastic actuation [35] Thermally induced metamagnetic transition Thermomagnetic actuation [36] Magnetic stray-field-induced microstructure Magnetic stray-field induced actuation [37] 
Magnetic Shape Memory Actuation
Operation Principle
In martensitic state, the crystallographic variants form a metastable system of structural domains that are separated by twin boundaries. In addition, magnetic domains of spontaneously aligned magnetic moments are present, and are oriented along the crystallographic easy direction due to magnetic anisotropy. The structural domains are strongly coupled to the magnetic domains. Under these conditions, the magnetic moments can align with respect to the magnetic field direction by reorientation of martensite variants once the magnetic field exceeds a critical value as sketched in Figure 4 . Thereby, martensite variants with favorable orientation of magnetic easy axis grow with respect to an external magnetic field, while unfavorably oriented variants shrink in size. The corresponding maximum reorientation strain is given by the difference of the involved lattice constants. This effect of magnetic field-induced reorientation (MIR) occurs by twin boundary motion, the critical field strength for MIR being determined by the mobility of twin boundaries.
In the Ni-Mn-Ga material system, modulated nearly tetragonal 10M, orthorhombic 14M and non-modulated (NM) tetragonal single crystal structures show maximum reorientation strains of 6.2%, 10.7% and 21%, respectively [38] . In particular, for the 10M modulated structure, twin boundary mobility can be exceptionally high at room temperature allowing for MIR at low critical magnetic field of 25 kA·m
corresponding to a twinning stress of only 0.1 MPa [39] . Compared to the thermal shape memory effect, MIR occurs at much faster time scales below 1 ms [40] [41] [42] . Therefore, the MSM effect has a large potential for high-stroke dynamic actuation. Among the investigated alloys, near stoichiometric Ni-Mn-Ga-based alloys exhibit exceptional actuation performance including reversible magneto-strains up to 12% when exposed to a moderate magnetic field [43] . However, the driving force of MIR is limited by the magnetic anisotropy energy K. If the stress becomes too large, exceeding the so-called blocking stress, magnetic moments can overcome K and align along the field direction simply by rotation due to the competing Zeeman effect. In Ni-Mn-Ga, for instance, the maximum stress that can be generated by the magnetic field is restricted to a few MPa [44] . 
Simulation of MSM Actuation
Different simulation models have been developed to predict the strain and force output of MSM actuators as a function of external magnetic field [46] [47] [48] [49] [50] [51] . Here, we present a brief sketch of a thermodynamic model that considers three possible variants of a Ni-Mn-Ga single crystal with tetragonal 10M martensite structure [52, 53] . The model has been implemented into a FEM (Finite element method) code to predict the MIR effect in linear actuators based on MSMA foils that are subjected to different loading conditions and mechanical constraints [53] [54] [55] [56] [57] . The finite element software includes an integral magnetic solver and applies classical beam theory for solid mechanics.
By taking into account the energy terms of mechanical, magnetic anisotropy, Zeeman, and magnetostatic energy, the combined effects of stress, temperature, and magnetic fields on the fractions of martensite variants and austenite can be described. The mechanical energy contribution is formulated connecting two energy minima corresponding to the two possible variant orientations under consideration. The magnetic anisotropy contribution reads:
where K denotes the anisotropy constant and αc denotes the angle of magnetic moment with respect to the initial variant (αc = 0 for M1, and αc = π/2 for M2 or M3). The Zeeman energy describes the energy of the magnetization M in an external field:
with α and αB being the angles of magnetization and external magnetic field with respect to the easy axis in initial state. The magnetostatic energy is given by:
where the integral extends over the total active material volume. The demagnetization field Hdemag = −N·M is calculated by applying the demagnetization tensor N, assuming a homogeneous magnetization. The minima of the total Gibbs free energy determine the equilibrium conditions. The direction of applied magnetic and stress field defines the position of the minima and hence determines which of the three possible martensite variants contribute to the reorientation. Variant reorientation is described as a thermally activated process in the energy landscape depending on strain and orientation of magnetic moment. A typical energy landscape is depicted in Figure 5 showing two minima that can be tuned by applying an external magnetic field.
MSM Linear Actuators
Novel MSM linear actuators have been developed using the MIR effect in single crystalline 10M Ni-Mn-Ga foils [45, 54] . Typical foil thicknesses have been in the range of 100-200 μm. In this case, uniaxial tensile loading is used to adjust the initial state as compression loading would cause buckling perpendicular to the foil plane. In contrast to compression loading, however, two coexisting martensite variants with c-axes perpendicular to the tensile direction can be formed, which may reduce the maximum achievable shape change of 6% [45] . Based on theoretical considerations, the critical magnetic field for MIR is expected to decrease for decreasing foil thickness [10] . However, in real foil specimens, the critical magnetic field and maximum magnetostrain are affected by material inhomogeneity and surface defects depending on the technology of foil fabrication as well as by the constraints of fixation and tensile loading [34, 45] . The influence of defects on the mobility of twin boundaries can be reduced by training of the MSMA material. Different methods of thermo-magneto-mechanical training have been developed and their effect on magneto-strain and stress-strain characteristics have been investigated [9, 34] .
In order to generate reversible actuation cycles, a reset mechanism has to be implemented. In general, resetting could be achieved by applying a second magnetic field in perpendicular direction with respect to the initial field for MIR or by applying a mechanical biasing load as illustrated in Figure 4 . In a practical device, mechanical biasing can be easily implemented by a suitable tensile spring. Figure 6 shows a schematic of this type of MSM linear actuator. The main actuator components are a MSMA stripe, a non-magnetic reset spring, an interconnection between these components and a supporting frame. First, the MSMA stripe and tensile spring are preloaded by shifting one end of the supporting frame as illustrated in Figure 6b . As indicated in the inset, the MSMA stripe should be in a single variant state with the long a-axis being aligned along the tensile loading direction. When the external magnetic field B is applied in tensile direction, the c axis aligns along B through variant reorientation causing the stripe specimen to contract. After switching the magnetic field off, the initial state is restored by the spring. Experimental and simulated magnetostrain characteristics of the MSM linear actuator are shown in Figure 7 for different levels of prestress. At zero load only a small critical magnetic field of 0.16 T is needed for reorientation. However, by foil contraction, the stress of the spring does not increase enough during MSM actuation to enable complete resetting. This demonstrates that sufficient preloading is mandatory to achieve complete actuation cycles. For a prestress of 1.4-1.6 MPa, a maximum reversible magnetostrain of 5.3% is found. In this case, magnetic field and biasing force allow for complete variant reorientation and resetting, respectively. The achieved magnetostrain is lower than the maximum possible value of 6% due to the constraints imposed by fixation and loading causing inactive parts that do not contribute to the MSM effect. At higher levels of prestress approaching the blocking stress of the material, the output stroke is reduced significantly. This effect is also reproduced by the simulation model, but it occurs very abruptly above 1.5 MPa as long as homogeneous material behavior is assumed. The tensile spring generates an additional stress increase during contraction of the actuator, which must not exceed the blocking stress. FEM simulations for the optimum prestress of 1.5 MPa indicate that this condition is fulfilled as long as the spring constant is below 0.5 N·mm As the jump-like nature of twin boundary motion gives rise to highly nonlinear and hysteretic magnetostrain characteristics, MSM linear actuators appear to be less suitable for positioning applications. However, the actuator geometry and intrinsic material properties such as the magnetization and electrical resistance are correlated with the specific set of variant volume fractions. Therefore, measurement of intrinsic material properties during actuation can be used for position sensing and control. It has been demonstrated, for instance, that the change of electrical resistance of a bulk single crystalline Ni-Mn-Ga actuator directly correlates with the change of geometric dimensions and, thus, with the magnetostrain [59] . As a consequence, hysteresis-free resistance-magnetostrain relations are obtained. This indicates that the anisotropy of the electrical resistivity along the different crystallographic directions can be neglected [60, 61] . Another experiment demonstrated that the inductance of a pick-up coil at the MSMA actuator may also be used for position sensing with good accuracy [62] .
Single Phase Boundary Actuation
For decreasing size, tailoring the formation of modulated martensite phase and limiting the influence of defects becomes increasingly difficult due to technological constraints in fabrication of MSMA foils and films. Consequently, twinning stress and corresponding critical magnetic field become too high, preventing MSM actuation. Different schemes of stress assistance or increasing the operation temperature have been proposed to enable or improve MSM actuation by reducing the energy barrier for MIR. As a drawback, the overall complexity of the actuator device increases and miniaturization remains limited. Recently, it has been shown that thermal actuation by applying a temperature gradient could be an interesting alternative approach as it allows controlling the location of phase nucleation and the propagation of phase front [34] .
Operation Principle
Starting materials in the following investigation are single crystalline MSMA foils. In general, the actuation mechanism also works for polycrystalline MSMA foils and films even though the effect size might by reduced. Figure 8 shows a schematic of a Ni-Mn-Ga foil that is subjected to a thermal field gradient along the x-direction. An additional magnetic field may be applied in the same (x-) or perpendicular (y-)direction. When increasing the temperature T2 at the hot side above the martensite-austenite transformation temperature, austenite formation first starts at the energetically preferred hot side and then, upon further heating, continues along x-direction from the hot to the cold side by propagation of a single phase boundary. Propagation of the phase boundary occurs in a reversible manner, i.e., back propagation of the phase boundary from cold to hot side occurs, when the temperature at the hot side T2 is decreased again. Thus, the actuation strain resulting from the difference of lattice constants upon phase transformation can be controlled reversibly as well. At the phase front, tetragonal martensite may form with different orientations as illustrated in Figure 8b . However, only those variants or combinations of variants are formed that allow keeping the lattice strain at the phase boundary at a minimum. By applying an additional biasing magnetic field along x-direction Bx, only one martensite variant is energetically favored with the magnetic easy axis (c-axis) being oriented along Bx. In this case, single phase boundary actuation results in the formation of a single variant martensite state similar to the case of MSM actuation. As illustrated in the inset of Figure 8a , the maximum strain response is given by the difference of the short c-axis of tetragonal martensite and the axis of cubic austenite to be 4.1% [34] . Similarly, the magnetic field may be applied in a perpendicular direction to the thermal field gradient resulting in a smaller strain change of −1.9% that is given by the difference of the long a-axis of tetragonal martensite and the axis of cubic austenite [34] .
In the case of incomplete reverse transformation to austenite, the remaining oriented martensite gives rise to an interesting historical effect. In this case, the biasing magnetic field is only required in the first actuation cycle. Subsequent actuation cycles do not need any biasing magnetic field to achieve reversible actuation with the same magnetostrain. 
Mechanical Performance
In situ digital image correlation (DIC) measurements have been performed in order to investigate the effect of a temperature gradient during phase transformation on the evolution of strain. DIC reveals the local strain on the mesoscopic (µm) scale. Figure 9a shows a local strain-temperature characteristic that has been determined for a test area of a Ni-Mn-Ga specimen of 100 µm thickness, as indicated in the inset. A small biasing magnetic field of 0.12 T is applied along the length (x-)direction of the specimen. In addition, two series of strain maps are shown that have been recorded in the test area upon heating and cooling. The average local strain values are determined by taking the average value of each strain map. Upon heating, a single martensite-austenite phase front is observed that propagates from right to left through the test area, starting at a temperature of 58 °C. The phase front is oriented by a certain angle that is determined by the difference of lattice constants and strain minimization at the phase boundary [34] . The phase front divides the specimen into two regions, showing either zero or maximum change of strain in the order of 3.8%, indicating almost complete phase transformation from single variant martensite to austenite. The fluctuations within the two regions are due to pixel errors resulting from local changes of surface reflection that affect a deviation from the expected maximum possible strain change of 4.1%. This result is achieved for a rather small temperature gradient of only 5 K·mm . As illustrated in the inset, this temperature gradient has been realized by keeping a small distance between samples and heating substrate. The phase front moves through the entire specimen, starting at the fixed end with higher temperature T2 to the freestanding end with temperature T1. Upon cooling, a single phase front occurs that propagates in the opposite direction. Similar observations are made by applying a magnetic field in a perpendicular (y-)direction [34] .
If the biasing magnetic field is switched off, single phase boundary actuation is also observed, even though single variant martensite is no longer formed. As can be observed in the measurement shown in Figure 9b , reversible actuation cycles are present. In this case, heating induces a contraction of the specimen in the longitudinal (x-)direction by about −1.8% similar to the case of a biasing magnetic field in y-direction. However, a different orientation of phase boundary occurs indicating that different martensite variants are formed during phase transformation.
As single phase boundary actuation is based on a thermal actuation principle, it is not limited by the level of twinning stress and a low blocking stress. Thus, it opens up a route to realize MSMA actuation with large work output at low or even without magnetic field.
Thermal Linear Actuators
The similarities between single phase boundary and MSM actuation and the option for reversible control of phase boundary location suggest its use for linear positioning applications. The actuator setup and a photo of a first demonstrator are depicted in Figure 10 . The Ni-Mn-Ga specimen is placed in the gap of a magnetic circuit that is excited by miniature permanent magnets. A small electrical heating element is bonded to the fixed end of the specimen, which thus determines the hot side with temperature T2. Heat conduction and convection give rise to a temperature gradient along the specimen, which is monitored at the specimen surface by an infrared camera. In the present case, the temperature gradient is about 3.3 K·mm
at a temperature T2 of 100 °C. The magnetic gap is determined by the length of the specimen and, thus, is rather large, about 12.5 mm, giving rise to an inhomogeneous magnetic field along the gap that varies between 110 mT at the ends of the specimen near the gap edges and 15 mT in the gap center. Therefore, the conditions to induce preferential formation of martensite are only fulfilled at the ends of the specimen. Still, this is sufficient to obtain oriented martensite in the whole specimen during temperature cycling similar to the historical effect as mentioned before. (a) (b) Figure 11 shows a time-resolved actuation characteristic and the corresponding change of temperature at the hot side. The actuator displacement is determined optically with a CCD (charge coupled device) camera by monitoring the position of the freely movable end of the specimen. Once the heating power is turned on, the displacement increases due to nucleation and propagation of a phase boundary along the specimen. For a heating power of 1.54 W, it takes about 70 s to completely move the phase boundary through the specimen and, thus, to induce a complete transformation to austenite. In this case, the hot side heats up to about 100 °C. The maximum displacement is close to the theoretical maximum as discussed before. After switching the heating power off, the temperature drops abruptly within 13 s. Consequently, reset motion is observed due to back propagation of the phase boundary. Depending on the heating power and time of heating pulse, different actuator positions can be excited without the need for an additional sensing scheme. The linear actuator presented here is designed to demonstrate the novel actuation principle of single phase boundary actuation, while optimization of heat transfer times is disregarded at this point. Following the design considerations of other thermal MSMA actuation mechanisms as presented in the following, it is clear that heat transfer times can be largely improved depending on the thermal mass of the used Ni-Mn-Ga foil specimen and its thermal interconnection type.
Bidirectional Magnetostatic and Thermoelastic Actuation
Operation Principle
As can be seen in Figure 2 , the temperatures of martensitic transformation and ferromagnetic transition can be tuned by modifying the chemical composition. At the intersection where both temperatures merge, the material undergoes a mixed phase transition in a narrow temperature range from ferromagnetic martensite to paramagnetic austenite upon heating. This unique behavior can be used to control two different forces at the same time. In particular, bidirectional actuation can be generated as sketched in Figure 12 using a polycrystalline Ni-Mn-Ga double beam cantilever placed below a miniature permanent magnet. At low temperatures, the film is in martensitic and ferromagnetic state. In this case, the magnetostatic attraction force Fmag dominates, while the biasing force in martensitic state Fmart is very low. Therefore, the cantilever is bent in an out-of-plane direction. By applying an electrical heating pulse the cantilever deflects in the opposite direction as the material transforms to paramagnetic austenite, which causes a strong decrease of magnetic attraction force, while at same time the biasing force FSMA strongly increases. Thus, pulsed heating causes a fast oscillatory motion with large deflection angle ∆α up to 30° rapid cooling occurs due to forced convection during oscillation allowing for high operation frequencies that may exceed 200 Hz depending on the moving mass, see Figure 13 . This operation principle nicely represents the concept of smart microactuation using the multifunctional properties in a single piece of MSMA material. Figure 13 demonstrates the broad frequency response of the microactuator. Below a critical frequency of about 120 Hz, the scanning angle shows several maxima that strongly depend on frequency and heating power. By increasing the driving frequency above 120 Hz, the scanning angle sharply decreases, independently of heating power. This low-pass behavior can be attributed to the dynamics of heat transfer between the double-beam and its environment. The corresponding short time constants are in the ms range, which results from the large surface to volume ratio, the temperature difference of phase transformation and ambient temperature of about 80 K and the forced convective cooling during oscillation. Above about 150 Hz, a broad resonance occurs.
Simulation Model
The rather complex frequency response of the microactuator results from the highly non-linear magnetostatic and shape recovery forces in the system that depend on the dynamic temperature distribution in the double-beam cantilever. During pulsed electrical heating additional Lorentz forces have to be considered that may support or counteract actuator motion. In order to describe the coupled magneto-thermo-mechanical performance, a simulation routine has been developed that executes four independent FEM calculations in a self-consistent way [63] . First, the electrical current distribution is calculated with an electrical solver, which allows determining the induced heating power. Based on this information, the temperature distribution is calculated in a second time-resolved thermal simulation, taking into account heat conduction, heat convection, and the heat of phase transformation. The temperature data are then transferred to a magnetic solver to calculate magnetic forces that are used in the final mechanical simulation. Several iterations of these calculations are required to obtain self-consistent results.
The single-stage martensitic phase transformation in the MSMA materials is described by a two-phase macromodel [49] . It is a 3D extension of the Tanaka model, which couples a phenomenological macro-scale constitutive law for the relation between stress, strain, temperature and martensitic phase fraction ξ with a kinetic law describing the evolution of ξ as a function of stress and temperature. The effects of geometrical nonlinearity during bending motion are taken into account by the procedure given in [64] . The duration of heating pulses τ is decreased for increasing frequency f from 1.5 ms (f < 50 Hz) via 1 ms (50 < f < 100 Hz) to 0.7 ms (f > 100 Hz) as indicated. Figure 14a shows a typical temperature distribution along the MSMA beam at the end of a heating pulse and at the beginning of the subsequent heating pulse. The corresponding time-dependent evolution of temperatures at four different locations along the beam cantilever is shown in Figure 14b . These measurements reveal that the temperature varies strongly along the cantilever and that temperature changes keep below about 13 K. Therefore, the average temperatures along the cantilever determine the actuation characteristics. Optimum performance occurs for average temperatures, where the gradients of magnetic and shape recovery force exhibit a maximum. For increasing frequency, the heating power increases as well and Lorentz forces gain importance. In this case, actuation may be either supported or even inhibited depending on whether the Lorentz forces are in or out of phase with the eigenoscillations of the cantilever. This can be seen in Figure 13 , where oscillation amplitude is strongly suppressed at about 80 and 160 Hz. An obvious application of non-resonant actuation of oscillation motion with large deflection angle is optical scanning. 1D optical scanning can be simply realized, e.g., by mounting a micromirror at the front of the MSMA cantilever. Figure 15 shows a setup for 2D optical microscanning that is integrated on a microoptical bench [65] . Main components are a laser diode operated in pulsed mode, the MSMA cantilever, and sensors for deflection angle and distance of the objects to be scanned. During operation, the oscillation of the cantilever and, thus, the deflection characteristic may vary in time due to changing operation conditions. Therefore, optical scanning applications require angular sensing in real time to correlate beam cantilever deflection with the optical scanning angle. Here, the angular sensor consists of a beam splitter that reflects part of the deflected beam and a photodiode array (position sensing detector). Depending on the position of the reflected beam spot, a photo current and subsequently a gained voltage signal is generated, which allows detecting scanning angles with a resolution of 0.1°. The distance sensor consists of a time-of-flight detection setup using an avalanche photodiode that measures the time difference between emission and detection of the pulsed laser signals. As illustrated in Figure 16 , point clouds are generated based on the data on angle and distance that can be further processed to create object data [65] . In the present example, test demonstrators generated data up to 14 m without and 30 m with collecting optics. This performance is of interest for scanning of unknown objects in space, for instance, scanning the front of mobile systems to detect obstacles [65] . Due to the small size and high performance of the optical microscanner, a wide application potential exists in other fields including environmental control, quality control of surfaces or point-of-care analysis in the medical field. 
Thermomagnetic Actuation
Thermomagnetic actuation makes use of large abrupt changes of magnetization near phase transitions. One example is the thermally induced ferromagnetic transition that is used, e.g., in the bidirectional actuation principle (Section 3.3) to counteract the shape recovery force. In the following, the change of magnetization of the first order phase transformation between ferromagnetic austenite and non-magnetic martensite in metamagnetic SMA films is considered [66] [67] [68] Figure 17 shows a typical magnetization characteristic of a Ni-Co-Mn-In film fabricated by magnetron sputtering [36] . Abrupt changes of magnetization with narrow hysteresis are observed at the transformation temperatures in the range between 85 and 110 °C. In martensitic state below 85 °C, the material is non-magnetic or antiferromagnetic, while it is ferromagnetic in austenitic state at 110 °C. The decrease of magnetization above 110 °C is due to the ferromagnetic transition at TC. These unique properties of large magnetization in austenitic state and abrupt change of magnetization in a narrow temperature window are highly attractive for thermally induced switching of magnetic forces.
By changing the chemical composition of the film, the magnetization and transition temperatures can be tailored. A suitable method for the search of optimal material compositions is the use of composition spreads in sputtered films instead of using classical bulk metallurgy. By using different targets for every element and controlling the corresponding sputtering power separately, the chemical composition can be controlled with high accuracy [69] . Figure 18 shows the operation principle of thermomagnetic actuation [36] . The demonstrator consists of a polyimide (PI) cantilever that carries a stack of metamagnetic Ni-Co-Mn-In films at its freely movable end. The cantilever is placed in between a miniature magnet and a heat source. While in contact with the heat source in a non-deflected state, the MSMA stack heats above the transformation temperature to ferromagnetic austenite causing the cantilever to bend in out-of-plane direction due to ferromagnetic attraction. Upon cooling to non-magnetic martensite, the magnetic attraction force vanishes and the elastic reset force of the PI cantilever restores the initial undeflected state. 18 . Operation principle of thermomagnetic actuation. The system consists of a polyimide (PI) cantilever fixed on a substrate, a stack of metamagnetic SMA films at the freely movable cantilever end, a magnet and a heat source. (a) A magnetostatic attraction force occurs due to phase transformation to ferromagnetic austenite while in contact to the heat source; (b) The elastic reset force dominates after cooling to nonmagnetic martensite. Adapted from [70] .
Thermomagnetic Microswitches
The presented mechanism is of interest for thermomagnetic actuation and temperature sensing. First demonstrators have been developed for thermomagnetic switching based on the setup shown in Figure 18 using a PI cantilever with integrated metamagnetic SMA films [70] . The films have been fabricated by dual magnetron sputtering of a Ni45Mn40In15 target and a 99.9 wt % Co target at sputtering powers of 200 W RF (radio-frequency) and 8 W DC (direct current), respectively. The final composition, determined by the inductive coupled plasma method, was Ni50.4Co3.7Mn32.8In13.1. The films are sputtered on sacrificial polyvinyl alcohol (PVA) substrates that can be dissolved after sputtering. Crystallization of the freestanding 5 µm thick films is performed by heat treatment at 900 °C for one hour. A demonstrator is developed using a 25 µm thick PI cantilever of 2 × 4 mm 2 size. Ten Ni-Co-Mn-In films are structured to 1 × 1.5 mm 2 specimens by laser cutting and mounted on the cantilever tip. Time-dependent deflection and infrared thermography measurements have been performed simultaneously to analyze the thermo-magneto-mechanical performance [70] . Figure 19 shows IR (infrared) thermography profiles of the front part of the demonstrator in the extreme positions at the heat source and at the magnet. The temperature of the heat source has been set to 130 °C. The magnet is at room temperature and therefore acts as a heat sink. In the present case, thermomagnetic switching occurs at a frequency of about 2 Hz. Thereby, the temperature of the metamagnetic SMA stack shows a periodic temperature change of about 8 K. The actuation principle works in a broad temperature range above the austenite finish temperature of 103 °C. The main effect of increasing the temperature of the heat source is to accelerate the heat transfer due to the larger temperature gradient. Since the cantilever leaves the heat source as soon as the stack heats above Af, overheating of the cantilever tip is prevented even at high heat source temperatures.
It is interesting to note that the demonstrator may also be operated in resonance at much faster switching cycles. This is enabled by shifting the magnet beyond the tip of the cantilever allowing for free movement of the cantilever tip along the edge of magnet. In this case, thermal actuation is up-converted to an oscillatory motion at the much larger Eigen frequency of 160 Hz [70] . Figure 19 . Time-resolved IR thermography measurement of the thermomagnetic microactuator when in contact to the heat source (left) and to the magnet (right). Adapted from [70] .
Magnetic Stray-Field Actuation
Epitaxial FSMA films show another actuation mechanism based on the magnetic stray-field-induced microstructure [37] . When transforming a ferromagnetic austenite film to the martensite phase, variants with their easy axis in the film plane are preferentially formed in order to avoid magnetostatic energy contributions. Magnetocrystalline anisotropy favors the alignment of magnetization along the easy axis. However, variants with their easy magnetization axis perpendicular to the film plane create a large magnetic stray field. This is not the case if both variants align with their easy axis in-plane. In this case, the formation of magnetic domains allows flux closure and reduces magnetostatic energy. The additional stray-field energy contribution hence disfavors variants with the easy axis out-of-plane. Experiments on epitaxial Ni-Mn-Ga films show that an almost even distribution of only the two energetically favored in-plane variants is forming upon cooling. The lattice difference between the austenitic state and the preferentially aligned martensite variants in the martensitic state gives rise to the theoretical maximum strain of 1.1%.
This actuation mechanism is similar to the conventional two-way shape-memory effect, yet neither training nor an external magnetic field is required. The mechanism benefits from the combination of ferromagnetic and martensitic properties that is only present in MSMA materials. Due to the finite size of magnetic domains, it is a unique feature of small systems. For possible applications, it is sufficient to pass a heating current through the film. Thus, magnetic stray-field actuation may be an interesting option for application in sub-micrometer dimensions. So far, this actuation mechanism has not been implemented in a demonstrator device.
Conclusions
This review presents an overview of MSMA microactuators, their underlying actuation mechanisms, engineering issues and fabrication technologies. Using MSMA films and foils for microactuation and sensing is very attractive as they enable multifunctional performance in a compact device. Thanks to their good scaling behavior, MSMA microactuators can be miniaturized to a large extent without losing their unique performance properties. Thereby, the intrinsic disadvantage of long time constants upon thermal actuation is strongly improved as well.
MSMA films and foils with various chemical compositions have been developed up to now. The combination of these materials with micromachining and integration technologies opens up the possibility to realize a new generation of smart MEMS devices. Key enabling technologies have been novel bonding and substrate release technologies on the wafer scale. As a consequence, the feasibility to fabricate various types of MSMA microactuators has been demonstrated introducing new disruptive designs and mechanisms. First MSM linear actuators, optical microscanners, and metamagnetic microswitches have been presented showing promising specifications. More importantly, their simple design opens up much room for further downscaling in size. Future challenges are concerned with the development of a larger variety of MSMA films with low twinning stress, the full integration of MSMA materials in state-of-the art MEMS devices including microelectronics as well as the wide-spread allocation of simulation and optimization tools.
So far, MSMA microactuators are still in an early development stage. The performance of first demonstrators provides the drives for further research and development. The prospects are new emerging MEMS applications.
